Effects of alkaline hydrogen peroxide (AHP) treatment on cellulose crystallinity and cell wall phenolic monomer and monosaccharide composition were measured using cotton and wheat straw (WS). Two WS treatments were used in this study, Type I WS, for which pH is not regulated during AHP treatment, and Type II WS, for which pH is regulated at 11.5 -+ .2 during AHP treatment. Wheat straw had a lower degree of cellulose crystallinity than cotton, but no differences occurred between treated and untreated substrates. Alkali-labile and nitrobenzene-extractable phenolic monomer concentrations were generally lower for Type I and Type II WS compared with untreated WS. Concentrations of glucose were higher and xylose and arabinose lower in Types I and II WS than in untreated WS. Disappearance of alkali-labile phenolic monomers and cell wall monosaccharides by wethers fed diets containing Type I (Exp. 1) or Type II (Exp. 2) AHP-treated WS were determined. Apparent digestibility of glucose and xylose before the duodenum, and of glucose, xylose and arabinose in the total tract, was greatest (P < .05) when sheep were fed AHP-treated WS diets in both experiments. In Exp. 2, disappearance of alkaliqabile phenolic monomers was greatest (P < .05) before the duodenum and in the total tract when sheep were fed AHP-treated WS diets. Treatment of WS with AHP modified cell wall composition and increased cell wall monosaccharide digestion by sheep.
Introduction
found that alkaline hydrogen peroxide (AHP) treatment of wheat straw (WS) increased water absorption capacity and decreased lignin concentration of the cell wall. It was hypothesized that these structural and compositional changes were the result of decreased cellulose crysta;llinity and removal of phenolic monomers from the cell wall matrix by AHP treatment.
Reduction in cellulose crystallinity theoretically would result in increased susceptibility of WS cellulose to microbial degradation (Rowland, 1975; Fan et al., 1980) . Removal of phenolic monomers from the cell wall matrix would be expected to increase availability of structural polysaccharides. Microbial degradation of lignocellulosics is negatively correlated with total phenolic monomer content (Burns and Cope, 1974; Jung and Fahey, 1981) . Digestibility of plant structural polysaccharides is limited when sugars are covalently attached to phenolic compounds (Smith and Hartley, 1983 ; Jung and Sahlu, 1986) .
The first objective of this experiment was to determine effects of AHP treatment of cotton and WS on cellulose crystallinity and on WS cell wall phenolic monomer and monosaccharide composition. The second objective was to determine effects of treating WS with AHP on site and extent of disappearance of WS cell wall monosaccharides and alkali-labile phenoiic monomers by wethers.
Materials and Methods
Cellulose Crystallinity, X-ray diffraction was used to determine the relative cellulose crystallinity of raw cotton 7 and WS ground through a .5-mm screen in a Wiley mill and treated with water (100 g substrate and 1 liter water; untreated), sodium hydroxide (100 g substrate, 1 liter water and .7% NaOH, w/v; NaOH) or alkaline hydrogen peroxide (100 g substrate, 1 liter water, .7% NaOH, w/v and 1% hydrogen peroxide, w/v; AHP). For all treatments, substrate was stirred for 24 h at room temperature, washed using liberal amounts of water, ethanol and ether in successive washings, and stored to dry under vacuum in desiccant for 72 h at room temperature. This process of solvent drying was used to minimize cellulose crystallinity development due to water removal (Buleon and Bertrand, 1982) . Approximately 10 mg substrate was packed into quartz capillary tubes (1-mm diameter), sealed with wax and subjected to x-ray analysis. X-ray analysis was performed on three replicates of each substrate.
X-ray diffraction measurements were recorded on Kodak 8 DEF film using Franks focusing optics (Franks, 1955) . Cu-Ka radiation was generated on an Elliott GX-20 rotating 7Raw cotton was obtained from Louisiana State University, Baton Rouge.
s Eastman Kodak Company, Rochester, NY. 9 Biomed Instruments, Inc., Fullerton, CA. ~~ mineralized salt contained (g/100 g): NaCI (95 to 99), Mn (>.2), Fe (>.3), Cu (>.033), Zn (>.01), I (>.007) and Co (>.003).
anode operating at 35 kV and 40 mA. Film was scanned at various cross-sections using a Zenith 9 soft laser scanning densitometer so that data could be viewed in graphic form. Cellulose crystallinity among the various substrates was examined qualitatively by comparing the intensity (height) of the major reflection at 22 ~ in 20 to the height of the minimum reflection at 19 ~ in 20 (Segal et al., 1959) .
Disappearance of Phenolic Monomers and
Monosaccbarides. Details of the preparation of AHP-treated WS are outlined in Kerley et al. (1986; Type I WS) and Kerley et al. (1987; Type II WS) . In Exp. 1 of this study, initial pH of the AHP solution used was 11.5, but it increased during the reaction to approximately 12.5, resulting in greater than 50% hemicellulose solubilization (Gould, 1985a ). This will be called the Type I process; material made in this manner was fed in Exp. 1. In Exp. 2, WS hemicellulose solubilization during AHP treatment was reduced by maintaining reaction pH at 11.5 + .2 with HC1 (Gould, 1985b ). This will be called the Type II process; material made in this manner was fed in Exp. 2.
Experiments were conducted to determine the effects of the two AHP treatments on WS alkali-labile phenolic monomer disappearance and monosaccharide digestibility by wethers. Ingredient composition of diets fed to mature wethers in Exp. 1 and 2 is presented in Table 1 . Diets were balanced to meet National Research Council (NRC, 1975) recommendations for nutrient requirements of finishing lambs (50 kg). Chemical compositions of diets fed in Exp. 1 and 2 are presented in Kerley et al. (1986) and Kerley et al. (1987) , respectively. Diets were fed twice daily (0730 and 1930) at 10% below ad libitum intake of the lowest consuming animal. A bolus containing 1.5 g chromic oxide was administered intraruminally at feeding, Water and trace mineralized salt 1~ were available continually.
Wethers were cannulated in the rumen and duodenum. Ruminal cannulas were placed near the top of the dorsal sac. Duodenal cannulas (t-type) were located approximately 5 cm distal to the pyloric sphincter. Wethers were tethered in elevated mesh-bottom pens in a temperaturecontrolled (23~ room with constant fluorescent lighting. Each period consisted of a 10-d adjustment phase followed by a 6-d collection phase. On d 1, 3 and 5 of the collection phase, duodenal contents were collected 4, 8 and 12 h after the 0730 feeding. On d 2, 4 and 6 of the awheat straw treated with a 1% solution of hydrogen peroxide and the reaction mixture brought to an initial pH of 11.5 with sodium hydroxide. The mixture was stirred continuously overnight, washed with water, squeezed with a hydraulic press and dried (60~ in a forced-air oven.
bWheat straw treated the same as in Exp. 1 except reaction mixture pH was maintained at 11.5 -+ .2.
Cl, 500,000 IU of vitamin A, 150,000 IU of vitamin D and 10,000 IU of vitamin E/.45 kg vitamin mix.
collection phase, duodenal contents were collected 2, 6 and 10 h after the 0730 feeding. Approximately 50 ml of digesta from the duodenum were collected at each sampling and immediately frozen. Duodenal samples were composited for each wether in each period. Using fecal collection bags, a total collection of feces was made on each day of the collection phase. A 20% aliquot from each day then was saved and frozen for subsequent analyses. Diets were sampled once daily during the collection phase for subsequent analyses. Diets and feces were composited for analysis.
Feeds, duodenal contents and feces were oven-dried at 55~ and ground through a Wiley mill (2-mm screen). All samples were analyzed for DM (AOAC, 1975) and NDF (Robertson and Van Soest, 1977) . Dry matter and NDF digestibility data are presented in Kerley et al. (1986) and Kerley et al. (1987) for Exp. 1 and 2, respectively.
Chromium concentration (Williams et al., 1962) was determined on duodenal contents and feces. Flow values at the duodenum and fecal output were calculated by dividing Cr dosage per day by the concentrations of Cr in digesta and feces.
Phenolic monomer and monosaccharide analyses in Exp. 1 and 2 were performed only on feed, digesta and fecal samples collected tt Hewlett Packard, Palo Alto, CA. from wethers fed diets containing approximately 70% AHP-treated and untreated WS as described by Kerley et al. (1986) and Kerley et al. (1987) , respectively. Wheat straw used in diets of Exp. 1 and 2 also was analyzed for cell wall phenolic monomers and monosaccharides. Samples were extracted with NDF solution (Goering and Van Soest, 1970 ) before analysis of phenolic monomers and monosaccharides. Alkali-labile phenolic monomers were extracted by the procedure of Hartley (1977) as modified by Jung et al. (1983) , with the exception that 2 N NaOH was used instead of 1 N NaOH. The alkali-extracted insoluble residue of WS substrates then was reacted with nitrobenzene (1 ml) and 2 N NaOH (10 ml) (Fahey et al., 1980) . Phenolic monomers extracted by both procedures were reconstituted in 5 ml methanol and quantified by HPLC. Forty microliters of reconstituted sample were injected into a Hewlett Packard 11 Model 1084B HPLC fitted with a 250-x 4.6-ram reverse phase column packed with Spherisorb-C18 (5 /~m particle size). The mobile phase consisted of water:glacial acetic acid:butanol (350:1:7, by vol) that was pumped isocratically at 2.5 ml/min. Column temperature was maintained at 35~
The variable wavelength-UV detector was programmed at 272 nm for the first 11.2 min to quantify protocatechuic acid, p-hydroxybenzoic acid, p-hydroxybenzaldehyde, vanillic acid, vanillin and syringaldehyde and then changed to 308 nm for the remainder of the determina-tion to quantify p-coumaric acid (PCA), syringic acid (SYA) and ferulic acid (FA).
Intake, duodenal flow and fecal excretion of phenolic monomers by wethers in Exp. 1 and 2 were calculated by expressing phenolic monomer concentrations as milligrams per gram NDF and multiplying these concentrations by NDF intake, duodenal flow and fecal excretion values. From these data, disappearance of phenolic monomers before the duodenum and from the total tract of wethers was calculated.
Cell wall monosaccharides were hydrolyzed according to the procedures of Blakeney et al. (1983) . Approximately 100 mg of WS-, diet-, digesta-and fecal-NDF in both experiments was hydrolyzed with 1.25 ml 12 M H2SO 4. Myoinositol was used as an internal standard. Hydrolyzed sugars were reduced with sodium borohydride and then acetylated with acetic anhydride. Resulting alditol-acetate derivatives were separated and quantified using a Hewlett Packard 11 Model 5890 gas-liquid chromatograph. A 15-m x .25-mm fused silica capillary column cross-linked with SP-233012 (.2 /~m film thickness) was used to separate derivatized monosaccharides. Helium was used as the carrier gas (.63 cc/min) with a split ratio (amount of gas released vs passed to capillary column) of.25.'1. Oven, inlet and flame ionization detector temperatures were 240, 300 and 275~ respectively. Intake, duodenal flow and fecal excretion of glucose, xylose and arabinose by wethers in Exp. 1 and 2 were calculated by expressing monosaccharide concentrations as milligrams per 100 mg of total monosaccharides hydrolyzed and recovered from NDF-extracted material and multiplying these values by NDF intake, duodenal flow and fecal excretion values. From these data, apparent digestibility of monosaccharides before the duodenum and in the total tract of wethers was calculated.
Statistical Analyses. Samples analyzed in
Exp. 1 and Exp. 2 were from two of four treatments in two separate 4 x 4 latin square design experiments (Kerley et al., 1986, Exp. 1; Kerley et al., 1987, Exp. 2) . Therefore, data were analyzed as a completely randomized design (Steel and Torrie, 1980) . Treatments were AHP-treated vs untreated WS; each diet was fed to four wethers. Treatment had one df, and the error term had six df. Both Exp. 1 and m Supelco, Inc., Bellefonte, PA.
2 were analyzed in this manner. Statistical analyses were performed using the GLM procedure of SAS (1982) . Treatment means were calculated by the least squares method and compared by the F-test protected, Least Significant Difference method (Carmer and Swanson, 1973) .
Results and Discussion
X-ray diffraction patterns of untreated, NaOH-treated and AHP-treated cotton and untreated and AHP-treated WS are presented in Figure la through e, respectively. Untreated, NaOH-treated and AHP-treated cotton all had similar cellulose crystallinity patterns (Figure la through c), as did untreated and AHP-treated WS (Figure ld and le, respectively). Therefore, it was inferred that neither AHP nor NaOH treatments decreased crystallinity of the cellulose microfibril. This suggests that these treatments do not displace the attractions among glucose units in adjacent chains.
The increased susceptibility of WS structural carbohydrates to ruminal microbial degradation as a result of AHP treatment (Kerley et al., 1985 (Kerley et al., , 1986 Lewis et al., 1987) must be caused by factors other than the destruction of the highly ordered arrangement of cellulose in the microfibril unit. Furthermore, the cellulose of WS is less crystalline than cotton cellulose (Figure ld and le) and may not be sufficiently crystalline to limit microbial degradation. If this is the case, increasing the susceptibility of d e Figure 1 . X-ray diffraction patterns of untreated, sodium hydroxide-treated and alkaline hydrogen peroxide-treated cotton (Figure la, lb and lc, respectively) and untreated and alkaline hydrogen peroxide-treated wheat straw (Figure ld and le, respectively) . Abscissa is intensity and ordinate is diffraction angle in 2 e. WS cellulose to microbial degradation would be dependent on the removal of other barriers (e.g., lignin) from the cell wall that limit susceptibility of structural carbohydrates to microbial degradation.
Ferulic acid and PCA concentrations in untreated, Type I and Type II AHP-treated WS are presented in In general, much lower concentrations of nitrobenzene-labile phenolics were present in WS treated with AHP, regardless of the process used. Other than VAN and SYAL concentrations, few differences occurred between treatment processes.
The lower PCA and FA concentrations of Type I and Type II AHP-treated WS compared with untreated WS suggest that their cell wall polysaccharides might be more susceptible to microbial degradation than those of untreated WS (Sawai et al., 1983) . The lower total concentration of phenolic material extracted with nitrobenzene in both types of AHP-treated WS compared with untreated WS indicated that lignin, which encrusts the cell wall polysaccharides, was partially removed by AHP treatment. Furthermore, changes in the profile of phenolic material extracted with nitrobenzene from treated straws compared with untreated WS indicate that AHP treatment altered lignin composition. Such an alteration would disrupt the three-dimensional lignin structure responsible for encrusting the cell wall carbohydrates. Because lignin encrustation of cell wall polysaccharides has been proposed as a mechanism by which lignin limits microbial degradation of cell wall carbohydrates (Van Soest, 1981) , a reduction in total lignin content or a change in the three-dimensional structure of lignin, as may have occurred because of AHP treatment, would be expected to increase the susceptibility of the cell wall polysaccharides to microbial degradation.
Cell wall monosaccharide concentrations of untreated, Type I and Type II AHP-treated WS are presented in Table 3 . Untreated WS had (Gould, 1985b) . It has been postulated (Northcote, 1972; Keegstra et al., 1973 ) that hemicellulose polysaccharides are associated closely with cellulose in the plant cell wall. If this is correct, microbial degradation of cellulose may be limited until the hemicelluloses surrounding it are removed. The hemicelluloses, in turn, are limited in their susceptibility to microbial degradation by their participation in covalent linkages to phenolic acids (Brice and Morrison, 1982) . Based on this information, we hypothesize that the cellulose in the Type I AHP-treated WS (Exp. 1) would be readily susceptible to microbial degradation because a portion of both the phenolic monomers attached to the hemicellulosic polysaccharides and certain of the hemicellulosic monosaccharides themselves have been removed from the WS cell wall by AHP treatment (Gould, 1985a) . The lower hemicellulose and FA concentrations and the potential alteration in the three-dimensional lignin structure of AHP-treated WS also would be expected to make the cell wall polysaccharides more susceptible to microbial attack compared with the cell wall polysaccharides of untreated WS.
Average DM and NDF intakes by sheep were 1,052 and 696 g/d, respectively, when fed the AHP-treated and untreated WS diets in Exp. 1 (Kerley et al., 1986) . Wethers consumed greater quantities of PCA and FA when fed the untreated WS diet than when fed the Type I AHPtreated WS diet (Table 4 ). No differences (P > .05) in the disappearance of PCA or FA before the duodenum or in the total tract occurred between treatments. However, a great deal of variability occurred among animals and within treatments, as reflected by the high SE of the means. A trend for less disappearance of PCA and FA before the duodenum and greater disappearance from the total tract was evident for the AHP-treated WS compared with untreated WS, respectively.
Wethers consumed greater (P < .05).~quan-tities of cell wall glucose and lower (P < .05) quantities of xylose when fed the Type I AHPtreated WS diet (Exp. 1; Table 5 ) vs the untreated WS diet. Apparent digestibility of glucose and xylose before the duodenum, and of glucose, xylose and arabinose in the total tract of wethers, was greater (P < .05) when they were fed the AHP-treated WS diet compared with the untreated WS diet.
In Exp. 2, average DM and NDF intakes by sheep were 1,138 and 698 g/d, respectively, when fed the AHP-treated and untreated WS diets . Intakes of PCA and FA (Table 4) were lower (P < .05) when wethers were fed the Type II AHP-treated WS diet vs the untreated WS diet. Disappearance of PCA and FA before the duodenum was greater (P < .05) when wethers were fed the Type II AHP-treated WS diet than when fed the untreated WS control diet. The high disappearance values for PCA (78%) and FA (76%) before the duodenum when wethers were fed the Type II AHP-treated WS diet indicated that the PCA and FA that remained after AHP treatment was readily removed from the cell wall structure and, therefore, would not be expected to limit susceptibility of xylose to microbial degradation. Disappearance of PCA and FA from the total tract was greater (P < .05) when sheep were fed the Type II AHP-treated WS diet than when they were fed the untreated WS diet. No differences (P > .05) in intakes of cell wall glucose, xylose or arabinose occurred between diets in Exp. 2 (Table 5) . Apparent digestibility of glucose, xylose and arabinose before the duodenum and in the total tract of wethers was greater (P < .05) when wethers were fed the Type II AHP-treated WS diets compared with when they were fed the untreated WS diets.
The 
E
A substantial proportion of the increase in microbial degradation of structural carbohydrates in AHP-treated WS is believed to occur as a result of removal of FA from the cell wall structure. Ferulic acid, which binds to cell wall polysaccharides (Smith and Hartley, 1983) , was reduced 22.8-and 3.4-fold in Types I and II WS, respectively. Whereas an approximate sevenfold reduction in PCA content occurred for Type I WS, only a slight reduction in NaOH-labile PCA occurred for Type II WS. This apparently was due to AHP treatment's being more effective in removing FA than PCA from the cell wall. Also, lower total lignin content of AHP-treated WS (Type I and II) vs untreated WS resulted in an increased digestibility (Kerley et al., 1986 .
Because hemicelluloses are closely associated with cellulose, the removal of hemicelluloses from the cell wall matrix could result in increased susceptibility of cellulose to microbial degradation, as previously discussed. In both experiments, glucose digestibilities before the duodenum and in the total tract by wethers fed AHP-treated WS diets were similar to xylose and arabinose digestibilities. In AHP-treated WS, it is assumed that the limitations imposed by phenolic acids on structural polysaccharide digestion are removed. Therefore, the similarity in digestibility values of the three monosaccharides measured resulted either from matrix sugars limiting the rate of cellulose digestion, as hypothesized, or from factors that control cell wall digestion of WS limiting cellulose and matrix polysaccharide digestion to the same degree. Once the impediments of matrix polysaccharide digestion have been removed, their digestibility is rapid and extensive enough that cellulose digestion is not limited.
An item not quantified in our experiments, but that may be important in the regulation of polysaccharide digestion, is the enzymeaccessible space of the cell wall structure. The AHP treatment may increase enzyme-accessible space of the WS by disrupting the threedimensional structure and intricate bonding network of lignin. Lignin is believed to be a major factor giving secondary cell walls their characteristic shape (Northcote, 1972) . It is apparent from our data that cell wall compositional differences occurred as a result of AHP treatment. Therefore, structural as well as compositional studies may be important when evaluating factors controlling microbial degradation of cell wall carbohydrates.
It is concluded from these data that a major chemical factor regulating fiber digestion by ruminants is the linkages that exist between phenolic acids bound to structural polysaccharides and lignin. We hypothesize that AHP treatment cleaves bonds between PCA and FA and core lignin in the celI wall and within the core lignin structure itself. This disrupts the spatial structure of the cell wall and results in more fermentation of the carbohydrates by ruminal microbes. It was evident from Exp. 2 data that PCA, which was bound to ceil wall sugars, did not greatly affect apparent digestibility of WS monosaccharides. However, no assessment of the fermentation or absorption and utilization of sugars contained in phenoliccarbohydrate complexes resulting from microbial degradation was made. Nevertheless, an important factor limiting digestibility of WS, one that may, in part, dictate feed intake and animal performance, is bonding between phenolic monomers and core tignin and bonding within the core lignin structure itself.
